Summary. Observations of a flare that began in soft X-rays at 20 : 37 UT on 1980 April 12, at the west limb of the Sun are discussed. The Solar Maximum Mission (SMM) satellite was used to obtain X-ray images before the flare and for a period during the decay phase. Ha photographs and the soft X-ray flux measured by the GOES-3 satellite are available throughout the flare.
Introduction
Over the past 10 years or so it has been realized that active regions are composed of sets of nested loop structures, the result of the expansion and evolution of magnetic flux emerging from the photosphere. There are many observations which show this structure, from early X-ray images (Krieger, Vaiana & Van Speybroeck 1971) and EUV spectroheliograms (see review by Jordan 1975) to the more recent results from the Apollo Telescope Mount (ATM) (see review by Noyes et al. 1975) . Observations with ATM showed that quiescent loops can exist over several days, much longer than the cooling time, and thus, like the quiet atmosphere, require a continued energy input.
Loop structures are also seen during and after flares and the importance of emerging flux in the flare process has been recognized for some time (see ávestka 1976). While some flares apparently occur in simple loop systems that retain their identity (Widing 1975) , other occur in more complex geometries which are associated with the disruption of Ha filaments and the development of two-ribbon flares (ávestka 1976) . Indeed Pallavicini, Serio & Vaiana (1977) and Heyvaerts, Priest & Rust (1977) were able to separate flares observed with ATM into two broad classes according to whether they occurred in compact regions at low height or in larger extended loops.
Post-flare loops have been observed for many years from observations of lines of highly ionized ions in the optical region. Kopp & Pneuman (1976) have outlined their properties which include loops rising at ~ l-20km s _1 , a hot coronal region and downstreaming material visible in Ha. They also suggested a model in which the observed system of post-flare loops can be understood in terms of the reconnection of magnetic-field lines disrupted by the initial flare outburst. Cargill & Priest (1982 , 1983 ) have extended this model, proposing that continual heating can take place through MHD shocks associated with the reconnection process.
From observations with ATM and the Solar Maximum Mission {SMM) it has been proposed that post-flare loops require continual heating because their lifetimes far exceed the conductive and radiative cooling times Moore et al. 1980; Svestka et al. 1982) . However, previous analyses have not considered loss of particles from the emitting volume as a significant contribution to the observed decrease in emission measure during the decay phase.
In the April 12 post-flare loops, there is a barely significant requirement for continual energy input to the regions of highest temperature. The need for heating in the decay phase in this and other events discussed in the literature depends critically on the geometry assumed and the accuracy to which the parameters T Q , N e and the emission measure can be determined.
In this paper we analyse observations of a flare and post-flare loop system made from SMM, supported by data from ground based observations and from other spacecraft. The flare concerned occurred at 20:37UT on 1980 April 12 and apart from a minute or so of the initial rise, the three X-ray instruments on SMM observed the decay phase and a post-flare loop system. The X-ray instruments concerned were the Flat Crystal Spectrometer (FCS) and Bent Crystal Spectrometer (BCS) of the X-ray Polychromator (XRP) and the Hard X-ray Imaging Spectrometer (HXIS). Between 20:38 UT and 21:30UT SMAf was in the South Atlantic Anomaly or spacecraft night. The PCS mapped the loop in five soft X-ray lines at 13.5 arcsec (FWHM) resolution. (Although we refer to a loop, given the low spatial resolution we do not preclude a set of several loops.) The HXIS observed the development of the structure with its coarse resolution (32 arcsec) field of view. The BCS provided a spectrum at high resolution (AX/A = 2 x KT 4 at Caxix, 3.14 Â), and the total Caxix and xviii line flux at high temporal resolution (6 s). The technical details of the XRP are given by Acton et al (1980) who describe the calibration procedures. The pre-flight calibrations have been revised by Acton (private communication) . The HXIS has been described by van Beek et al. (1980) . The calibration is carried out using the HXIS Count Rate Prediction Program, based on calculations of line and continuum emissivities by Mewe& Gronenschild (1981) and recent revisions (Mewe, private communication). The combination of these data enables us to make a model of the electron temperature and density along the loop at one time in the decay phase and to follow the evolution of the average properties with time. Only an upper limit can be placed on the non-thermal energy density.
The development of the flare and the formation of the post-flare loops were followed by the GOES-3 satellite, in Ha observations made at Big Bear Solar Observatory and through the SOON network. A coronal transient mass ejection was observed with the Coronagraph/ Polarimeter (CP) on SMM and a wide range of radio particle and field effects have already been discussed by Sawyer (1984) .
In Section 2 we describe the observations of the flare and post-flare loops. In Section 3 we interpret the SMM data in terms of the temperature, density and geometry of the emitting regions and compare the observed post-flare cooling time with that expected from radiation, conduction and the enthalpy flux. The loop model is also discussed in Section 3. In Section 4 the observed events are compared with the models proposed by Kopp & Pneuman (1976) , Heyvaerts et al. (1977) and Pneuman (1981 Pneuman ( , 1982 . The present observations are not sufficiently comprehensive to make a quantitative model of the whole event but do provide useful pointers to future measurements and a qualitative model that can be tested further.
Observations
A series of flares occurred in NOAA Active Region 2372 on 1980 April culminating in an M2 flare at 20:37 UT. This region had been highly flare productive since its emergence on April 4 and the SMM had followed its development through the transit of the disc. By April 12 the region was close enough to the limb (12 N, 85 W) for information on the height to be obtained, since much of the activity related to the 20:37 UT flare occurred above the limb.
Three flares occurred before the M2 flare, peaking at about 20:01,20:11 and 20:16 UT. The Ha and PCS images show that the last of these flares occurred in the area between the leader and the trailer spots of NOAA 2371 and was not directly responsible for the limb features that formed after the M2 flare. The peak of the main M2 flare was not observed by the SMlf because it occurred at 20:48 UT during spacecraft night, but GOES-3 data indicate that the flare started in soft X-rays at about 20: 37 UT. The decay was observed in the 1-8 Â channel until 22:20UT, during which time three minor brightenings took place. Earlier observations made with the XRP and HXIS instruments between 20:00 and 20 :38UT are relevant to the flare model proposed, however, and are discussed below.
The XRP observations are shown in Fig. 1 . Maps were made in the resonance lines of Ovin, Ne ix, Mg xi, Si xiii and Sxv. At 20:00UT, Fig. l(a and b) show an extended region of activity in O vm (r e < 3 x 10 6 K) and a smaller volume hot enough to emit some Si xiii. Fig. l(c and d) show the dramatic change that has occurred by 21:36UT after the flare. A loop system can be seen in O vm and Sixm (and in the other channels not illustrated). Given the low intensity previously observed in all the lines we find that the enhanced emission cannot arise from simply heating the pre-existing material. The spectrum of Caxix and its associated Caxvm satellite lines was obtained with the BCS during the decay phase and is shown in Fig. 2 . Because the emission is very weak (consistent with the lack of emission in the high temperature FCS channels) it was necessary to sum over the first 608 s of the orbit (21:31 UT-21:41 UT) in which the post-flare loop was visible. The average temperature of the emitting region, found from the ratio of the k satellite line (in notation of Gabriel 1972) to the resonance line (w), was <8±lx 10 6 K, an unusually low T Q for Caxix. The field of view of the BCS included (unresolved) emission from AR2370 and 2372 and thus gives only an upper limit to any emission from the postflare loop. The HXIS instrument also indicated a small quantity of material at r e ~ 9 x 10 6 K at the top of the loop. The quality of the BCS spectra was not sufficient to obtain accurate line widths, but the FWHM of the forbidden line, z (blanded with the / satellite), limits nonthermal velocities in the emitting region to < 75kms _1 . The resonance line was too badly blended with satellites from levels with n>3to give an accurate width. The BCS total counts in Channel 1 (i.e. all the Caxix and xvm lines) showed the first minute of the main flare and the decrease over the period 21:31 to 22:10 UT.
[facing page 446] Wavelength (A) Figure 2 . The BCS Ca XIX spectrum accumulated between 21 : 31 UT and 21.41 UT, with lines labelled according to Gabriel (1972) .
An image of the region was obtained with the HXIS coarse field of view at 20:35 UT and although little was seen with the low energy channels, one pixel was bright in Channel 3 (8-11.5keV). The flux ratio between this and Channel 2 leads to a high temperature of ~ 3 x 10 7 K in a region of low emission measure. The flux continued to rise in this channel until spacecraft night at 20:38 UT, showing that the flare had already begun before the strong rise in softer X-rays. The height of the region of maximum emission was ~ 8100 km above the limb. In the decaying phase, although only one FCS map was made of the loop, its evolution can be examined from observations with the HXIS. The HXIS coarse field of view observed the full extent of the loop with a resolution of 32 arcsec over a field of view of 6.4arcmin square (Fig. le) . Good images were obtained in two channels corresponding to energy ranges of 3.5-5.5keV (Band 1) and 5.5-8.0keV (Band 2). To improve statistics, each image was obtained by integrating over a 1 min interval. The variation of the absolute fluxes between 21:31 and 22:05 UT is shown in Fig. 3 . The temperature variation deduced from the ratio of counts in bands 1 and 2 is also shown. The relative accuracy of the temperature change is largely related to the counting statistics and is insensitive to uncertainties in the absolute calibration. In the temperature region of interest, relative temperatures shown in Fig. 3 are uncertain to ±0.3 x 10 6 K. The absolute temperature is known less accurately. It can be seen that whilst there is a 20 per cent decrease in the spatially averaged temperature, the spatially averaged flux, and hence the emission measure, decreases by a factor of 5. Images in Ha obtained at the Big Bear Solar Observatory are shown in Plate 1 for six times during the flare. The times at which other images were available are given in Fig. 4 . The only limb activity observable in Ha between 20:30 and 20:48UT is a surge at 20:39 UT, but this is well to the south of the region that eventually becomes the southern foot point of the X-ray loop and is directed away from the flare. It is significant for the mass content that no Ha upflow was observed either immediately before or during the time of the main X-ray flare. Since the observations are made at the limb and the post-flare loops extend above the limb, it is unlikely that this is due to a Doppler effect shifting the emission outside the Ha pass-band. Some response to the start of the flare is seen in Ha at 20:38 UT when a N. J. Veck et al.
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Figure 3. The observed counts in the HXIS band 1 (3.5-5.5keV) and band 2 (5.5-8.OkeV) and the derived temperature T e versus time for the post-flare period. The dashed line is the origin for the band 1 data, for which the intensities have been divided by a factor of 4.
row of bright kernels develops along the western rim of the sunspot (near the northern footpoint of the eventual loop) and also in the region to the south. If we associate these kernels with the base of previously existing loop structures above, it seems likely that the earliest part of the flare disturbs much of the pre-existing magnetic field. Because the observations are made at the limb it is difficult to know whether or not this Hce emission is similar to that in a classical two-ribbon flare. The Ha continues to brighten until 20:39UT. Between 20:43 and 20:47UT, the Ha emission still continues to increase but the emission is then concentrated to the parts of the northern and southern regions which are closest together and therefore probably associated with the foot points of the lowest loop. The time of concentration and brightest Ha emission (20:48 UT) corresponds to the peak of the X-ray flare as determined from the GOES-3 satellite. Following some minor Ha surging at 20:51 UT, several loop structures gradually become visible in Ha between 20:56 and 21:15UT and continue to be visible until 21:57 UT, the period from 21:31 to 21:56 UT overlapping with the time at which HXIS and XRP observations are available. The first appearance of a distinct loop in Ha corresponds to a minor peak in the GOES X-ray flux at 21:00UT. No dramatic changes occur in Ha at the times of the later X-ray peaks. A further aspect of the Ha images is relevant to the evolution of the flare. At 20:30 UT a dark Ha loop is visible, just inside the limb, extending south from the sunspot (i.e. under the region where the bright loops eventually developed) and crossing the local neutral line. This dark loop moves outwards between 20:30 UT and 20:38 UT and can be associated with the emergence of new magnetic flux in this part of the active region. Thus, the time of the flare rise in X-rays, which is when the row of Ho: kernels develops, is also a time when new loops are pushing up into the pre-existing field (see Section 4 for discussion in relation to flare theories).
The spatial relationship between the Ha loops and X-ray emission has been investigated, and is summarized in Fig. 4 . The dark, rising, Ha loop can be followed from 20:30 UT until it reaches the limb at 20:48 UT, when it becomes difficult to distinguish. Ha loops appear in emission at 21:00UT reaching a projected height of 8000 km above the limb (9000 km above the footpoints in Ha) and rise to a total height of 1.6 x 10 4 km by 21:15 UT, i.e. at an average rate of ~ 8 km s -1 . They then rise more slowly (at ~ 2 km s -1 ) until 21:56 UT when their total height is 1.9 x 10 4 km. These Ha loop heights are important in theories where they are the result of cooling X-ray loops. The behaviour of the Ha emission is typical of previous observations {cf Nolte et al. 1979 ). The first measurement of the height of the X-ray emission is that of ~ 8000 km above the limb at 20:35UT in the HXIS5.5-8.0keV channel. This is essentially the same height at which the Ha emission appears at 21:00 UT. The loop seen clearly at 21:36 UT in the FCS image has a height of ~ 3.5 x 10 4 km in Si xm and Mg xi and ~ 2.7 x 10 4 km in Ne ix, i.e. the Ha emission lies only marginally below the X-ray emission at 21:36UT, and at about the same height allowing for the low spatial resolution of the FCS (FWHM ~ 10 4 km).The spatial resolution of the HXIS coarse field of view (2 x 10 4 km) allows us to conclude only that the height of the X-ray emission has not risen more than one pixel (~2xl0 4 km) between 20:35 and 21:36 UT, consistent with the XRP data.
In view of the discussion in Section 4 regarding flare models, we stress that no significant Ha emission is seen in the form of rising material from before the time of the flare. The 15 N. J. Veck et al.
absence of any data from the SMM Ultraviolet Spectrometer Polarimeter (UVSP), showing behaviour at 10 4 -2 x 10 5 K, or from the spatially resolved PCS during the main part of the flare, is a severe limitation in this event.
The overall picture of field evolution is reinforced by the assessment of the previous magnetic history of the region given by Sawyer (1984) , from the CP and other instruments. The CP showed that the magnetic field associated with this active region extended over half a solar radius above the disc, and during the eight hours preceding the flare at 20:37 UT considerable restructuring of the magnetic field occurred. This restructuring appeared to be the final rearrangement of the field into a configuration that was catastrophically disrupted when the flare occurred. A well observed coronal loop transient propagated outwards in a direction inclined at 40° (south) to the radial direction and backwards extrapolation of the trajectory intersected the solar limb near the flare site at 20:37 UT, the time of onset in Ha, but before the peak soft X-ray flux. The non-radial propagation of the transient to the north is caused by the presence of another large, stable coronal structure linking this active region to AR2370, to the NE. This structure is visibly emitting in soft X-rays by 22:00UT, and was marginally visible in the HXIS 3.5-5.5 keV channel at 20:35 UT. The evolution of the flare will be discussed again in Section 4 in relation to theoretical models.
3 Analysis and interpretation
AVERAGE TEMPERATURES, DENSITIES AND EMISSION MEASURES IN THE PRE-EXISTING AND POST-FLARE LOOPS
In this section we use the XRP data to derive the emission measures, temperatures and densities in the region occupied by the post-flare loop both before and after the flare. The HXIS data are used to derive the variation of the parameters in the post-flare regime. The geometry of the loop and PCS pixels used in the analysis are shown in Fig. 1(f) . Pixels A and B at the base of the loop represent emission originating partly from the loop itself and partly from AR2372. The top of the loop is contained in pixels I and L. The flux in each emission line can be used to determine the volume emission measure either from an individual pixel or from the loop as a whole. The relationship between the flux at the Earth and E Y (T¿) is, as usual,
The collision strengths (Í2) for the He-like ions were interpolated from the graphs of Pradhan & Shull (1981) . / H is the ionization potential of hydrogen, W the energy of the transition and co is the statistical weight of the lower level. For the H-like ion, Ovni, the collision strength is equivalent to taking g= 0.2 and f= 0.42 (Menzel & Pekeris 1935) . The element abundances N^/Nh adopted are based on the reviews given in Müller (1977) and on Jacobs et al (1977a Jacobs et al ( ,b, 1979 . The values of atomic constants adopted are given in Table 1 together with the observed PCS fluxes from the whole region occupied by the post-flare loop. The flux from each line can be used to investigate the emission measure distribution with temperature (1) in each pixel and (2) for the total volume of the loop. Both a variation of temperature with height and a range of temperatures at a given height through the loop cross-section are likely to occur. In order not to prejudge the temperature structure, each line flux is used in equation 3.1 with a series of temperatures to find what value of E Y (Tf) would be required at each temperature. The locus of solutions, the inverse G(Tf) function, is then plotted for each line. If the plasma were strictly isothermal all the loci would pass through one point. If not, an emission measured distribution would be fitted crossing the minimum of each locus to the extent required to produce the individual line fluxes. The method has the additional advantage that it does not force a fît to any pre-chosen form for the emission measure distribution. Fig. 5(a) shows the emission measure loci found at 20:00 UT by summing each line over the whole region where the flare loop later occurred. The emission included comes mainly from pixels A and B since before the flare the centre of activity was within the limb to the north of the loop. Although O vm, Ne ix and Mg xi would be satisfied by a temperature of ~ 4.8 x 10 6 K, there is also a small volume where the temperature is higher (~ 10 7 K). A distribution of material with temperature would fit better than an isothermal solution. The rasters shows this as Sixm and Sxv emission at a slightly greater height than the main region emitting the cooler lines. Thus the AR2370, to the north-east of the main-loop emission, already contained hot material before the flare. However, the emission in all lines in the remaining pixels is an order of magnitude lower than in the post-flare loop. Fig. 5(b) shows the emission measure loci for the total fluxes from the post-flare loop. Here an isothermal solution with Tq-6.4x 10 6 K gives a satisfactory average temperature if this were required, although the rasters show the hotter lines in a more concentrated volume. The emission measure loci have been plotted for each pixel along the loop. Isothermal solutions appear satisfactory and hence the variation of the average temperature with height has been found (see Section 3.3). The emission measure, temperature and electron density deduced from each pixel are listed in Table 2 together with the volumes adopted. The total volume of 2.9 x 10 27 cm 3 , and total emission measure iT v = 2.9 x 10 48 cnf 3 , lead to an average density of 7V e = 3.1 x 10 10 cm -3 , or with the average temperature of 6.8 xl0 6 K, an average scaled electron pressure (P e /k) of 2.1 x 10 17 cm _3 K. The volume was found by assuming a geometry in which the diameter at the top of the loop was equal to an PCS pixel width (~ 1 x 10 4 km) and that at the base was half of this value, thus giving the loop system an approximate dipole shape. By comparing the emission measures and densities before and after the development of the loop one finds that, even retaining pixels A and B, the amount of material has increased by a factor of 3, i.e. an additional 9 x 10 13 g of material are present at 21:36UT, well into the decaying part of the flare. We can rule out the prior presence of this material at r e > 3 x 10 6 K and also, as noted earlier, no upsurging in Ha occurred at the beginning of the flare. If one postulates the 'capture' of normal coronal material by reconnection over the whole volume out to -5 x 10 4 km, taking T e < 3x 10 6 K, and 7V e~ 3 x 10 8 cm -3 , then this fails by a factor of 30 to account for the additional mass. Other possibilities can be envisaged, either a region at sufficiently high density (Ñ Q > 3 x 10 10 cm -3 ) but lower temperatures pre-existed or rose to provide the material, or alternatively an upsurge at temperatures above the temperature at which Ha would be observable may have taken place. The variation of the average temperature and total emission measure, as determined with the HXIS, can be obtained for the times between 21:33 and 22:12 UT (mid-times of rasters). At 21:36UT the total volume emission measure from the HXIS is about 0.4 of that observed with the XRP, although the XRP observes a slightly smaller volume. This difference is within the uncertainty in the relative flux calibrations, but since the average temperature found is higher (8.7 x 10 6 K), it may also reflect the real temperature inhomogeneity. The most significant results from the HXIS data are that the emission measure drops by a factor of 5 while the temperature shows only a 20 per cent decrease. At the same time there is no measurable change in the overall volume involved, but the low resolution (~ 2 x 10 4 km) does not impose a close restraint on this. The mass loss implied by the change in N e V is ~ 5 x 10 13 g, and by the last HXIS measurement at 22:17 UT the mass present is comparable to the total in the preflare state. The volume emission measure E v from the HXIS is converted to E m , the height emission measure, by dividing by the average cross-section area used for the XRP data, i.e. 4.8 x 10 17 cm 2 . The volume relevant to half the HXIS flux is taken as 2.5 x 10 27 cm 3 , corresponding to XRP pixels up to and including pixel I.
COOLING TIMES
In this section we investigate whether a continual energy input is required for these particular loops.
The cooling time is defined as r = -TdidTjdt).
2)
The observed cooling time can be calculated from the HXIS data shown in Fig. 3 . Because the data become noisy beyond 21.52 UT, only the cooling over the period 21:32 to 21:52 UT is discussed below. The mean cooling time for the whole loop region as observed with HXIS has been calculated in two ways, first from the mean of dT Q /dt and T e at intervals of 2 min, and secondly, from the difference between initial and final 7^ and mean T e . The values found are 6.3 x 10 3 s and 5.3 x 10 3 s respectively. The cooling time does not vary systematically during the decay and the spread of about ± 50 per cent about the mean N. J. Veck et al.
is comparable with a conservative estimate of the likely uncertainty. The cooling time taking into account conduction, radiation and a varying number of particles can also be calculated. If the number of particles at the mean temperature observed with HXIS is n = 2N e V, then the energy equation, allowing for a change in n, can be written as where Fis the volume, ^4 is the cross-section area, taken as constant, ds is the height element, and 7= 5/3 has been adopted, k is taken as 10" 6 erg cm -1 K" 7/2 s' 1 , and 4P ra( j as 6 xlO 17 /r e erg cm 3 s" 1 , from the calculations of McWhirter, Thonemann & Wilson (1975) .
It is useful to rearrange 3.3 in terms of N e , since terms involving dVjdt cancel. Then,
The effect of allowing n to vary now appears in the term 2d\nN e 1-3 din T e .
Otherwise the equation is the same as that set out by Culhane, Vesecky & Phillips (1970) . An approximation dTjds = TJL will clearly overestimate the conductive flux. For emission lines formed over a typical temperature range of A log 7=0.30 the mean temperature gradient can be written in terms of the emission measure, i.e., dT^/ds = AN\ T e l\f2E v (T e ) where E v (T e )= f NldV-NlV.
(3.5) J V The total 7 v (T e ) measured with HXIS and given in Table 3 is divided by two before finding the cooling in each half of the loop. Thus V and L below refer to half the loop. This estimate of the gradient is consistent with the temperature structure found from the XRP data at 21:36 UT (see Section 3.3),but clearly the conductive flux cannot be accurately determined. Equation 3.4 can also be written in terms of 7 v (re):
The cooling time can be calculated throughout the decay, first assuming that n, V and hence 7 v (7 e ) are constant. This is obviously not consistent with the observations but gives the 'traditional' cooling time. The individual mean times for cooling by conduction and radiation are 1.1 x 10 3 s and 4.5 x 10 4 s respectively, with only ~ ± 10 per cent variation.
Cooling by radiation is clearly insufficient and the effective cooling time is dominated by thermal conduction. Since the approximation for F c can hardly be better than a factor of two, the difference of a factor of 5.7 between the observed and calculated times is not highly significant. The observations show that the emission measure at the average temperature determined with HXIS decreases. However, with the spatial resolution available there is no measurable decrease in the emitting volume. Thus fírst we consider allowing for a decrease in E Y {T¿), and hence 2V e , at fixed volume. This implies a decreasing n and an enthalpy flux. However, from equation 3.6 it can be seen that for this model to be consistent, d\nE Y ld\n T e < 3, otherwise the LHS becomes negative. But the data given in Fig. 3 show that this condition is not satisfied between 21:33 and 21:43 UT at the beginning of the decay.
Although one can postulate alternative models, there are insufficient data available to make numerical calculations. For example, consider cooling at constant pressure. Then ¿/In 7V e = -¿/In r e , i.e. N e increases by ^ 23 per cent. Also, ¿/ In « = ¿/ In E m + dlnT e (i.e. n decreases) and ¿/In V = din E m + 2 ¿/ln T e , i.e. Vdecreases by about a factor of 3. However, the observations do not show such a decrease in the length' of the emitting material. As can be seen from equation 3 .6, the effective cooling time depends on how the volume change is divided between a contraction of area and of length, but this information is not available. Also, once one introduces a thread-like structure of decreasing total volume, the area factor for the enthalpy flux is unknown. The conductive flux and enthalpy flux implied by the simple model with P e = constant A = constant and variable V are given in Table 3 , but we stress that these may be unrealistically large.
Thus, at present we can only deduce that the observations do not fit a simple decrease in n at constant volume. In order to investigate the overall energy balance, the change in the emission measure of other temperature regimes is required. Although the importance of the
4.0(8) 5.3(6) 3.1(8) 7.5 (8) decreasing emission measure has not been brought out explicitly before, its effects would be implicitly included in numerical dynamical simulations (e.g. Doschek et al 1982) .
THE STRUCTURE OF THE LOOP AT 21 :36 UT
The spatially resolved observations made at 21:36UT with the PCS allow the structure within the loop to be investigated. The geometry of the loop (or loop system) in terms of PCS pixels has been described in Section 2. Only part of the southern leg of the loop is observed but the data available indicate that the loop is symmetric about the hottest part (i.e. at the boundary of pixels I and L). The temperatures, emission measures and densities at this time have been discussed in Section 3.1 and are summarized in Table 2 . Within the observational error bars, the results are consistent with uniform P Q , uniform N e or hydrostatic equilibrium; the range of included not being sufficient to distinguish between these solutions.
The range of P Q expected in hydrostatic equilibrium can be found from the pressure variation,
on substituting the observed average temperature and height range. These give Alogi ) e = 0.078 and imply a density variation of only a factor of 2.
The observed variation of T e with height can be compared with that predicted by an emission measure that varies with T e according to where the factor \/2 arises from a range of R corresponding to A log r e = ± 0.15. Although in the present case the range of T Q is small, four independent measurements are available of T e and s and it is of interest to integrate 3.9 as a general expression.
Allowing for the range of T Q corresponding to the total emission measure and average pressure gives A least squares fit to a plot of log T Q against log s has been used to find b, and then the value of a, adopting P e = 2.1 x 10 17 cm _3 K. This gives ¿> = 1.3 and a = 9.3 x 10 21 , and the resulting variation of T Q versus height is shown in Fig. 6 , together with the observed points. The value of a thus found differs by only a factor of 1.3 from that found by applying E m (s) = aT b to the total emission measure and average TV If th e mean pressure is considered as less reliable than the absolute emission measure then a change of only 20 per cent in P e is required to give the best fit shown. Although b cannot be found with high precision in this case because of the limited range of T e , it is worth noting that values of b between 1 and 3 would imply emission measures at 2 x 10 5 K which differ by a factor of 1Ö 3 . No particular significance is put on the actual value of 6; it is simply shown that a linear fit to the emission measure distribution and hydrostatic equilibrium reproduces the data. However, simultaneous observations with the UVSP instrument could place strong constraints on the value of b.
The present values of P Q , the base pressure, T m . dX , the maximum temperature in the loop, and L, the loop length, can be compared with the predictions of the scaling laws proposed by Hearn (1977) and Rosner, Tucker & Vaiana (1978) . These are both based on methods which fix the ratio of the radiative to conductive losses, but although the scaling is jP 0 L ^ r^ax^he numerical constant of proportionality differs and depends on the assumptions made.
Equations 3.7 and 3.9 can be combined to give Pl = Pl 5.6 xlO we adopt Po/k = 2.0 x 10 17 cm _3 K, r e = 6.8 x 10 6 K and note that the observed length, L is 5.3 x 10 9 cm. Then, using the numerical constants given in Hearn & Kuin (1981) , the scaling law of Rosner et al. predicts Z, = 3 .0 x 10 9 cm, which is too short, while the scaling law of Hearn predicts 2.6 x 10 10 cm, which is far too long. The disagreement with the scaling laws occurs because the ratio of conductive flux to radiative flux in this loop does not have the values implied in their derivation. The scaling laws are essentially independent of how any energy is deposited but do depend on the form of the radiative power loss function adopted. Moreover, from equation 3.6 and the observed parameters it can be seen that the ratio of PdPK is not fixed but decreases throughout the decay phase observed with the HXIS. + 6.6 x 10 6 (± 10 7 )
The variation of F R and F c within the loop implied by the best fit emission measure distribution can be expressed as AF R (7'e) = 4.8xlO-17^m (s)/7' e and F c {T e )= -kT 3^2 Pll\/2E m (s)k 2 ergcrrrV 1 .
Because Z?<3/2, conduction deposits a small amount of energy, but this can be lost by radiation and could also be carried away by the enthalpy flux. However, AF C is zero to within the errors involved. The values of AF R and AF C over the temperature intervals of ± 0.05 in log T q are given in Table 4 .
4 Comparison with models of flares and post-flare loops
INITIAL PHASE
The book by Svestka (1976) and the Skylab Solar Workshop edited by Sturrock (1980) contain reviews of the observational constraints that flare theories must satisfy. We now discuss the observations of the April 12 20:37 UT flare to see how well they fit into various flare models. Regarding the initial phase, the April 12 20:37UT flare took place in a region where there was already some material at active region temperatures, but the emission measure prior to the flare was not sufficient to account for the flare simply by heating of this material. The presence of a rising loop, dark in Ho:, expanding into the region from 20:30 UT onwards is a clear indication of new emerging magnetic flux, an important part of several flare theories (ávestka 1976) , in particular in that developed by Heyvaerts et al (1977) .
The heating of a small volume of material to r e >2xl0 7 K has begun by 20:35UT, before the large rise in soft X-rays occurs. We therefore speculate that the emerging magnetic flux is already causing a change in the overlying field configuration, resulting in some heating.
There is evidence of a large scale perturbation of the overlying field from the rows of bright Ha kernels that appear at 20:38UT before the flare maximum. These kernels are the footpoints of the pre-existing magnetic-flux loops. Another significant observation concerns the coronal loop transient discussed by Sawyer (1984) . She extrapolates back the position of this loop and finds a position consistent with that of the flare and a time of 20:37 UT for its origin, before the peak flux in X-rays. This strongly suggests that higher flux has been expelled into the corona at the time when the Ha kernels indicate a disturbance over a fairly large region. In several models, the field lines would be predicted to open at this stage. In the present data there is no direct evidence for or against field line 'opening' as opposed to 'stretching'. The mean peak of the flare in X-rays occurs (from GOFS-J data) at 20:47 UT, when the Ha photographs show a concentration of emission to the two closest parts of the region joined by field lines above. The large rise in emission measure shows that new material is heated to X-ray temperatures. The Ha photos show increased emission also, without any obvious input oi material emitting in Ha. We interpret these observations as evidence of not only the emergence of new flux but also the inclusion of new material at higher temperatures. The flare could occur through the heating of recently emerged flux loops and/or their interaction (including reconnection) with the previously existing flux. Although in broad terms the observed events could be accommodated in the flare models discussed by Kopp & Pneuman (1976) , Heyvaerts et al. (1977) and Pneuman (1982) , among others, there are differences between the theories regarding the timing of the stages of development.
In the model by Pneuman (1982) a filament is disrupted by the emergence of new flux causing a coronal disturbance and field line opening. (In our case we do not observe a filament.) The beginning of the flare is then associated with the time at which reconnection of the opened field begins and energy is released through Joule heating. As in the earlier models, the reconnection begins at the lower heights and proceeds upwards. In the variant model by Heyvaerts et al. (1977) where new flux emerges within the active region, the soft X-ray rise and flash phase are also associated with reconnecting fields but in a loop geometry rather than after field line opening. The later phase of field opening and reconnection is similar to that proposed by Kopp & Pneuman (1976) . The present event does not precisely agree with either model but contains elements of each. The dark Ha loop indicates the emergence of new flux. The first indication of the flare is the brightening of the rows of Ha kernels. If we associate this stage with the expulsion of flux into the corona and accept the timing of the coronal transient then these events suggest that the high-lying field lines have been 'stretched' or been expelled into the corona at this stage, before the peak in X-rays. But any 'reconnection' is envisaged as the interaction between pre-existing loop systems, as in the Heyvaerts et al. model. The disappearance of the Ha kernels and concentration into two distinct regions could be associated with the opening of the high field lines and reconnection either of this open field (Y-type reconnection) or of lower lying loops (X-type reconnection). The Ha loops appear as the heated loops cool down, and the height of the first loops suggests that the main phase of the flare took place at ~ 8000 km above the limb. The scenario is illustrated in Fig. 7, 
DECAY PHASE
The first part of the decay phase from 20:48 to 21:33UT was observed only in Ha and with the GOES-3 satellite. The HXIS observations indicate a height of ~ 8000 km above the limb for the X-ray emission at 20:34UT and the first Ha loops that became visible at 21:00 UT have the same height. The temperature decay rate and density are not known and so the obvious conclusion that some part of the X-ray loop has cooled to emit in Ha cannot be tested. However, the cooling times for plasma at r e~ 10 5 K to 10 4 K are so short (even by radiation alone) that the continued observation of Ha loops from 21:00 UT onwards implies that (in the absence of heating) new material is cooling through the appropriate temperature range. The height of the Ha emission rises and is consistent with the aftermath of an X-ray emitting region rising and cooling. Several Ha loops appear to retain their identity as they expand, but other loops become visible in Ha at later stages. The observations are compatible with a set of closed loops throughout this phase. Over the period of decay observed with the HXIS, from ~ 21:33 to 21:50 UT the regions of highest T e do require some heating, but the amount is not highly significant given the observational uncertainties. At this time the rise in the height of the Ha loops has slowed to ~ 2kms _1 and the height of the X-ray emission is only a little greater. We conclude that whether or not X or Y type reconnection played a part in the main phase of the flare, by ~ 21:33UT any reconnection is continuing too slowly to release a significant amount of energy.
Conclusions
The flare that occurred at 20:37 UT on 1980 April 12 was associated with the emergence of a dark Ha loop and presumably new magnetic flux. A general disturbance of the field, including a coronal loop transient, was followed by the main flare in X-rays. New material was involved in the flare but was not observed as rising material in emission. The height of subsequent Ha emitting loops is the same (within observational constraints) as the height of a region of high T Q observed in X-rays during the rise of the flare, lending support to theories where Ha loops are the decay phase of previous X-ray emitting loops. Although the main flare could have been caused by either X or Y type reconnection (we have insufficient evidence to tell) by the time the HXIS instrument observed the decay, the remaining energy input appears to have been occurring in a loop geometry. The decrease of the emission measure should be taken into account in the cooling equation, but the simplest model (constant K, decreasing N¿) which can be treated is clearly not appropriate. Insufficient data exist to test other models.
It is possible to model the loop structure observed at 21:36 UT with the XRP instruments in terms of a simple variation of the emission measure with T e and a constant pressure. Hydrostatic equilibrium would in this case lead to a small pressure variation. Treated in a static model, energy would be lost by radiation and by conduction at the base of the loop, but conduction could also deposit small amounts of energy within the loop which could be radiated away locally. We note that some similar conclusions have been drawn by Harrison et al. (1983) from a study of the 1980 July 5 flare.
The present analysis makes it clear that in any future flare mission it is essential to observe at the limb in order to obtain height resolution, to measure N Q directly through spectroscopic techniques, to include observations in the temperature range 10 5 -10 6 K and to observe simultaneously in Ha.
